Introduction
The enduring puzzle in warm cloud microphysics is the initiation of precipitation, or the transition from growth by diffusion to that by coalescence; in particular, at what size range the transition occurs. It has long been believed [Kessler, 1969] that coalescence only becomes efficient for cloud droplet diameters greater than approximately 40 μm, the notion behind the now ubiquitous term "autoconversion" [e.g., Cotton, 1972; Beheng, 1994; Liu et al., 2005] . Several other reasons point to 40 μm and beyond as a critical size range. For example, how well is the cloud base defined in lidar or radar time-height profiles in drizzling stratocumulus? Drizzle is recognizable as fall streaks: a 40 μm diameter drop falls approximately 100 m in a typical observation time of an hour, so this can serve as a lower bound. Consistent with that picture, drizzle is etymologically derived from "fall" or "drip." An adjacent criterion for defining drizzle is for its fall speed to exceed typical fluctuations in vertical velocity in the cloud (w rms ). For a reasonable range of stratocumulus w rms = 0.1 to 1 m s À1 , the corresponding diameters are approximately 50 to 250 μm. In other words, droplets in this size range are expected to have noticeable drift. Surveying the literature shows that definitions of drizzle vary greatly but usually set the lower limit at diameters about 100 μm. Wood defines it as volume diameter between 60 and 200 μm [Wood, 2012] , and the Glossary of Meteorology suggests simply precipitation with diameter less than 500 μm [American Meteorological Society, 2017] . The arguments above would point to diameters as low as 40 μm experiencing significant drift and likely being grown by coalescence, which are the characteristics of drizzle. Therefore, throughout this manuscript we shall refer to drops in this predrizzle 40 to 80 μm transition size range as drizzlets as a shorthand for small drizzle drops.
Drizzlets are the size range in which coalescence is just initiated, and need not be rigidly defined. We select the 40-80 μm range based on the following, physical reasoning. The familiar Hocking limit is 38 μm and therefore is close to the onset diameter for efficient coalescence [Hocking and Jonas, 1970] . Doubling the diameter from 40 to 80 μm is achieved by increasing mass by 2 3 , or eight coalescence events. Thus, the drizzlet size range contains drops grown by small, integer number of coalescence events and therefore is subject to pronounced fluctuations [Kostinski and Shaw, 2005] where the "stochastic" coagulation equation may not be adequate (i.e., the stochastic coagulation is in fact deterministic and does not account for discrete, "shot noise" fluctuations). Beyond this range, continuous coalescence is a reasonable approximation. Parcel models based on the coagulation equation predict a substantial gap between cloud droplets and drizzle drops, which we could refer to loosely as the condensation-to-collision growth gap, or autoconversion gap [Berry and Reinhardt, 1974; Flossmann et al., 1985; Tzivion (Tzitzvashvili) et al., 1987; Seeβelberg et al., 1996] . Indeed, bimodality in the mass-versus-size distribution is widely considered the fingerprint of coalescence, so much so that it has become textbook material [e.g., Cotton and Anthes, 1989, Figure 4.3] . Yet measurements that clearly identify the condensation-to-collision growth gap in natural clouds are difficult to find.
To that end, our objective is to explore the previously neglected drizzlet range with a single instrument capable of measuring from cloud droplet to drizzle sizes. Measurements of the size range 40 to 80 μm have been sparse largely for instrumental reasons. Reliable instruments have existed primarily for measuring cloud droplets (mostly based on single-particle light scattering, such as the Forward Scattering Spectrometer Probe and Cloud Droplet Probe (CDP)) and for drizzle (mostly based on projected area, such as the 2DC optical array probe). Projected-area instruments are able to measure smaller diameters, but large uncertainty in the depth of field makes estimation of concentration troublesome. In practice, concentrations derived from projectedarea instruments for droplets of diameter less than about 100 μm are problematic due to the difficulties in obtaining an accurate depth of field for the imaged particles. Whatever lower size range is used, one is still left with the challenge of splicing together two measurements of the size distribution that meet in the drizzlet range. The measurements of collision-coalescence initiators by Small and Chuang [2008] are a notable exception, providing a similar context as this paper, but for cumulus clouds. In this paper we analyze data from the Holographic Detector for Clouds (HOLODEC), which measures from a lower diameter of approximately 6 μm to an upper limit above 500 μm (for a size distribution, the upper limit also depends on drop concentration and sampled cloud volume). We chose to examine data from drizzling marine stratocumulus clouds because of their near permanence over vast areas of the globe. This prevalence suggests their importance for albedo and therefore global energy balance. To that end, and with the condensation-to-collision growth gap in mind, we ask, how do the drizzlets contribute to drop number concentration, to cloud optical properties (related to the total drop surface area), and to liquid water content (total drop volume)?
2. Experiment and Methods The specific case considered here is from several cloud passes during flight RF07 on 19 July 2015, where the aircraft dipped repeatedly into the same cloud system at different places at about 20: . The cloud system was about half way between California and Hawaii in an area with mostly open mesoscale cellular convective clouds, and it was nearly 100 km in length. The cloud thickness varied across the system, but according to RADAR and lidar on the GV and satellite imagery, the system is connected.
Cloud Microphysical Data and HOLODEC
In CSET several instruments for in situ cloud measurements were deployed. The Cloud Droplet Probe (CDP) measures the scattering of light by a particle and can detect droplet diameters in the range 2-50 μm. Due to the fact that it measures one particle at a time, the sample volume is continuous, but for a reliable size distribution all droplets from 1 s of flight have to be analyzed; at a flight speed of 150 m s À1 this gives a long, thin sample volume of approximate dimensions 0.02 × 0.2 × 15000 cm 3 each second [e.g., Lance et al., 2010] . Also on board was a 2DC optical array probe for measurement of drizzle drops. Optical array probes also measure individual particles at a time; when a particle enters the sample area, it will obscure diodes and, in
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combination with the flight speed, the size of the particle can be determined. The 2DC data for diameters of 100 μm and above are used in this study, due to the depth-of-field uncertainties already mentioned.
Another cloud instrument on CSET was the Holographic Detector of Clouds (HOLODEC). Rather than recording cloud droplets one by one, HOLODEC takes a snapshot of a localized sample volume of 13 cm 3 of air with all droplets inside (one hologram) at a rate of 3.3 Hz [Fugal and Shaw, 2009; Spuler and Fugal, 2011] . This has the advantage that one can look at the local properties of the cloud [Beals et al., 2015] , albeit with gaps between individual sample volumes. HOLODEC is able to detect all drop sizes larger than about 6 μm, with sampling on the large-drop end limited by the number concentration and sampled volume. This enables the measurement of a large range of sizes by one instrument without the difficulty of comparing results from different instruments, where uncertainties are greatest in the overlapping size range, if they overlap at all. Roughly the size range of 40-100 μm often has the least certainty in measurements, due to the depth of field uncertainties and associated uncertainty in sample volume mentioned earlier. HOLODEC performs well in this regard because of its well-defined sample volume and because the drops are large enough to be detected and sized confidently and still present in high enough concentrations to yield good counting statistics.
In order to process the HOLODEC data from CSET, 455,980 holograms had to be reconstructed, with each hologram reconstruction requiring computation of 1600 planes along the optical axis, and then searched for particles. This job required substantial high-performance computing support [e.g., Computational and Information Systems Laboratory, 2012], for a total of about 2.8 million core compute hours. After reconstruction, the candidate droplets have to be classified in order to separate real droplets from noise artifacts and to determine droplet size and three-dimensional spatial position. For the RF07 analysis this has been accomplished with a combination of machine and supervised analysis in order to achieve the lowest false detection rates. Results from all other flights were analyzed with unsupervised machine classification; the latter method will have slightly higher false detection rates but comparing to other instruments as well as comparing to supervised-classification data in several sections shows that this effect is small. This is the first time all data taken during an entire field project such as CSET with an airborne holographic instrument such as HOLODEC has been fully reconstructed and analyzed for scientific use.
Satellite Data
The region that was sampled during CSET was covered for all times by the Geostationary Operational Environmental Satellite GOES 15. The larger cloud system sampled by the GV during RF07 was resolved by GOES 15 with 37 pixels with a spatial resolution of about 10 km by 10 km. This means a comparison between the two very different methods, in situ and remote sensing, is possible, but has the typical challenges associated with matching scales. The aircraft only penetrated the cloud system in four distinct places, so the assumption of statistical homogeneity is inherent in the comparison. GOES 15 cloud effective diameters were retrieved using the NASA Langley Satellite Cloud and Radiative Property retrieval System, described by Minnis et al. [2008 Minnis et al. [ , 2016 .
Results
Our results in Figure 1 show that contrary to the notion of the condensation-to-collision growth gap, no gap is observed. Furthermore, the drizzlets make a substantial contribution to the surface area and volume of the cloud. Two examples have been chosen, both from the same cloud system, with one vertical transect through a weakly drizzling cloud (Figure 1 , left) and one vertical transect through a strongly drizzling cloud (Figure 1 , right). Consider, for example, the strongly drizzling case of Figure 1 (right) where the drizzlets account for only 9% of the total population, yet contribute 31% (3.5 times increase) to the surface area and 35% the volume. Thus, one expects an important contribution to the optical properties such as the optical depth (τ) and liquid water path (L) as well as their inverse ratio, the effective diameter (d eff ). In the weakly drizzling case as well (Figure 1, left) , the drizzlets make up 16% of the total population but supply 36% of the surface area (hence, optical depth) and nearly half of total liquid water content (hence, liquid water path). It is worth noting that this is not a unique case, and similar results are observed throughout the CSET data set. Even when a hint of bimodality is observed, the contributions of drizzlets to surface area and volume are still substantial (see supporting information, Figure S1 ).
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While in Figure 1 only two cloud transects were examined, in Figure 2 we display data from 14 flights over the 1 month time span of the CSET project, which include more than 3000 km of cloud sampling. Of the 4552 5 s cloud segments, approximately 40% are devoid of drizzlets and are not displayed in the figure because of the logarithmic scale. The remaining 60% of 5 s segments (2756 in total) each contain one or more drizzlets. A 5 s segment includes 17 holograms, and therefore a total sampled volume of approximately 221 cm 3 . Hence, drizzlets are a common feature of these clouds and, as shown in the figure, when they are present, they contribute prominently to surface area, especially in cleaner clouds. The two-dimensional histogram shows an anticorrelation between the drizzlet contribution to surface area and the total number concentration as indicated by the negative slope. Furthermore, at least two populations or modes of drizzlet contribution to surface area are observed in the joint histogram in Figure 2 . The high-occurrence (yellow) region in the upper left corresponds to clouds with exceptionally low droplet concentrations of just a few droplets per cubic centimeter (when averaged over 5 s, approximately 0.75 km), but with drizzlets contributing up to half of the total surface area of the cloud. It might be assumed that these drizzlet-dominated clouds are the remnants of rained-out clouds, but the same data set (see supporting information, Figure S2 ) reveals that drizzlet contribution to cloud surface area shows no significant preference for total liquid water content (where liquid water content here is determined from the HOLODEC measurements for consistency). Parcels with peak liquid water content are observed to exist with and without drizzlets. In other words, the The suite of three instruments spans 2.5 orders of magnitude in droplet diameter, with matching junctions of the distributions. Serendipitously, the HOLODEC appears perfectly suited to fill in the distributions in the drizzlet range. We note that with HOLODEC removed there could be an illusion of bimodality, supported by spurious agreement with expectations from models. Rather than being bimodal, with a dip in the gray band (signature of coalescence onset), the surface and volume distributions show substantial contribution of the drizzlets. This is true both for the cloud on the verge of drizzling (Figure 1, left) and even more so for the strongly drizzling cloud (Figure 1, right) . Note that for the strongly drizzling cloud, the equal contributions to volume throughout the gray band and beyond (nearly a factor of 10 in droplet diameter). Recall that growth by coalescence decreases total surface area but preserves volume, while growth by diffusion increases both. 
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drizzlet-dominated cloud population observed in Figure 2 contains regions with high liquid water content and can therefore be considered extremely clean clouds that have not yet been depleted by rainout. The primary microphysical distinction is therefore the drizzlet concentration, as well as the enhanced variability in liquid water content observed for the drizzlet-dominated clouds (see Figure S2 ). In clouds with peak liquid water content, which is approximately independent of drizzlet contribution, it is therefore clear that drizzlet-dominated clouds have low droplet concentrations.
These results suggest that drizzlets occur frequently in marine stratocumulus clouds and that they make a substantial contribution to the optical properties of these "global reflectors." We can extend this analysis by calculating the effective diameter, defined as
and comparing it to the retrieved droplet effective diameter from satellite measurements taken at the same time. Drizzlets are found in multiple flights, throughout the 1 month measurement period, but for our purposes we select the case shown in Figure 1 . The GOES effective diameter estimates are shown in Figure 3 . A contrasting case with much smaller droplets from RF02 is shown in Figure S3 . It is immediately striking that effective diameters greater than 20 μm are observed over large portions of the eastern Pacific (yellow, orange, and red pixels), suggesting that the cloud optical properties indeed are dominated by droplets within the transition drop (drizzlet) range. The region of in situ measurements is indicated by the box, and the resulting distribution of effective radius within that region is compared to the distribution obtained from the HOLODEC measurements. The distribution of GOES-retrieved d eff is shown in Figure 3 (right) and has a mean value of 48.2 μm, compared to a mean of 44.4 μm for HOLODEC, and a mean of 46.6 μm for all three in situ instruments (the latter is obtained by using the HOLODEC range between 10 and 100 μm, the CDP droplets below that range due to better detectability, and the 2DC droplets above that range due to the low number Figure 2 . Examination of all in-cloud data from all 14 flights with HOLODEC on board (dates: 7 July to 12 August 2015), spanning about 3000 km within clouds, demonstrates that drizzlets occur throughout and contribute significantly to the optical properties of these marine stratocumuli. The plot is a joint histogram of droplet number concentration and the percentage of cloud surface area contributed by drizzlets (with individual histograms of the two quantities also shown). N s is the number of 5 s samples. The joint histogram shows a nearly continuous maximum with negative slope (yellow pixels), signifying anticorrelation between the drizzlet contribution to surface area and the total number concentration. In other words, drizzlets are predominant in cleaner clouds (only about five droplets per cubic centimeter). Note also the distinct classes (yellow blobs) in the joint pdf: drizzlets in the upper "low-concentration" blob contributing about half of the entire surface area while the lower "higher-concentration" one hardly containing any drizzlets.
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concentrations). We note in passing that in several cases, the peak of the size distribution is found in the drizzlet range and in the majority of the cases drizzlets contribute largely to the size distribution; therefore, it is more robust to use the data from HOLODEC to bridge between the data from CDP and 2DC rather than a simple mathematical interpolation, which could give large errors particularly on a logarithmic scale. The GOES-retrieved and in situ estimates are all within the drizzlet size range, confirming the dominance of drizzlets for cloud optical properties as well as the large areal coverage of drizzlet-dominated clouds. The retrieved and in situ estimates nearly agree to within the uncertainty of the in situ measurements; the GOES estimates are slightly greater than the in situ measurements, but the bias is considerably less than has been reported before [e.g., Szczodrak et al., 2001; Painemal and Zuidema, 2011] . The improved agreement can be directly attributed to the resolved drizzlets: for example, the effective diameter obtained from the CDP alone is 25.8 μm. In other words, while it is not surprising that the CDP alone does not agree, due to its upper measurement limit, the analysis shows that including the 2DC measurements does not significantly improve agreement; it is thus the drizzlet category so often missing from in situ measurements that is necessary for an improved comparison with the satellite data. Further improvement likely depends on details and assumptions related to the retrieval.
Discussion
The warm rain problem can be summarized as the competition between two growth mechanisms, condensation versus coalescence. The former conserves number and increases both surface area and volume of the droplet population; the latter conserves volume and decreases both number and surface area. We have investigated the number, surface area, and volume distributions of droplets in marine stratocumulus clouds using a suite of three instruments that span the full range of droplet sizes, from cloud droplets to drizzle. Significantly, the HOLODEC instrument enables droplets in the typical measurement gap to be directly and reliably observed. Besides rarely being measured, these droplets in the "autoconversion" size range are crucial to understanding the competing roles of condensation and coalescence. Because of their expected importance in the transition from condensation to coalescence, we refer to droplets with diameters between 40 and 80 μm as drizzlets. We quantify the contribution of this poorly explored size range to the number, Overall, the clouds observed during CSET tend to be nearly drizzling to strongly drizzling, as is typical for closed-and open-cellular convection [Stevens et al., 2005; Wood et al., 2008; Feingold et al., 2010] . The figures illustrate how HOLODEC presents a relatively rare opportunity to resolve the drizzlet drop size range, bridging cloud droplets to drizzle, with a single instrument. The three in situ instruments together therefore offer a glimpse of the full size distribution for clouds with and without drizzle production. We note further that HOLODEC is particularly well suited to the study of cloud optical properties because after the hologram reconstruction, particle size is determined directly from the particle projected area. Therefore, surface area is the most closely related to the fundamental measurement method. And indeed, the effective diameter calculated from the distributions lies in the drizzlet range.
The main observations can be summarized as follows: (1) In contrast to expectations from theory, observations of bimodality and the condensation-to-collision growth gap (or autoconversion gap) were relatively rare in these clean, marine stratocumulus clouds; (2) droplets in the range where condensation growth is expected to transition to the onset of collisional growth, here called drizzlets, are common in these clouds and contribute strongly to surface area and volume of the clouds; (3) effective diameters for many of the marine stratocumulus clouds lie in the drizzlet size range; and (4) the ability to resolve drizzlets using the HOLODEC instrument brings the in situ measurements into much closer agreement with the retrieved effective diameter distribution from GOES.
We can speculate on two possible microphysical mechanisms for the formation of ultraclean, drizzletdominated clouds often observed in the CSET data. It is well accepted that in very clean, low-aerosolconcentration environments, the mean cloud droplet size is increased, assuming liquid water content is fixed.
As shown above, many of the drizzlet-dominated clouds exhibit liquid water contents similar to clouds without drizzlets. It has already been shown that, indeed, many of the drizzlet-dominated clouds have peak liquid water contents equivalent to the more polluted clouds observed. Can the drizzlets be realistically attributed to condensation growth? Parcel model calculations are often cited as requiring unrealistically long times for growth to diameters greater than approximately 40 μm, and this is especially expected to be true for relatively shallow, marine stratocumulus clouds such as observed in most of CSET. However, the recent study by Jensen and Nugent [2017] has shown that if these clouds contain giant cloud condensation nuclei such as those expected from marine sea salt aerosol, the large salt aerosol can grow to drizzle-sized particles even in the relatively weak updraft conditions found in marine stratus (indeed, their study has shown that they can grow even in downdrafts if the salt concentrations are great enough). Thus, future studies that compare the levels of large sea salt particles with drizzlets should help explore this mechanism. A second mechanism may be found in recent laboratory and field work showing that supersaturation fluctuations can be pronounced, and droplet size distribution width greatly enhanced [Chandrakar et al., 2016; Siebert and Shaw, 2017] . The large fluctuations exist in the clean-cloud limit, when cloud droplet response is slow compared to turbulent correlation time. This has been argued as a mechanism for growth of large droplets capable of initiating the collision-coalescence process, and eventual cloud collapse [Chandrakar et al., 2017] . We consider whether such a mechanism could be operating here. The relevant microphysical time scale for this turbulencebroadening effect [Chandrakar et al., 2016] is the phase relaxation time, given by τ phase ¼ 2πD
v is a modified water vapor diffusion coefficient and d is the mean droplet diameter, and n is droplet concentration [Kumar et al., 2014] . The relevant turbulence time scale is the Lagrangian correlation time for the large-scale mixing and can be roughly estimated from the Eulerian large-eddy correlation time. We have estimated the phase relaxation times for the clouds corresponding to Figures 1 and 3 and find that τ phase varies within the approximate range tens to hundreds of seconds, with the larger values typical of low-dropletconcentration drizzlet clouds. Using the gust probe data, we calculate w rms and the velocity autocorrelation length scale l and combine them to get a turbulence correlation time of order τ turb ∼ l/w rms ∼ 10 2 s. This suggests that drizzlet-dominated clouds exhibit τ phase ∼ τ turb and therefore reside in the vicinity of the transition between the usual polluted cloud (fast microphysics) limit of τ phase ≪ τ turb and the clean cloud (slow microphysics) limit of τ phase ≫ τ turb . Thus, the data are consistent with the following picture: the cleansing that leads to very low cloud condensation nucleus concentrations [Wood, 2006; Goren and Rosenfeld, 2015] , together
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with the weak turbulence typical of marine stratocumulus clouds, allows cloud droplet concentrations to become so low that turbulent fluctuations of supersaturation can dominate the droplet growth and produce very large droplets even in the drizzlet range through condensation alone [Chandrakar et al., 2017] . As mentioned, these estimates are for the drizzlet-dominated clouds shown in Figures 1 and 3 , providing only initial, localized insights. Further study will be required to determine the extent to which the above mechanisms are operating in clouds such as in CSET; this work clearly demonstrates that such studies will require suitable instrumentation for sampling in the drizzlet size range.
